Walnut consumption improves cardiovascular disease risk; however, to our knowledge, the contribution of individual walnut components has not been assessed. This study evaluated the acute consumption of whole walnuts (85 g), separated nut skins (5.6 g), de-fatted nutmeat (34 g), and nut oil (51 g) on postprandial lipemia, endothelial function, and oxidative stress. Cholesterol efflux (ex vivo) was assessed in the whole walnut treatment only. A randomized, 4-period, crossover trial was conducted in healthy overweight and obese adults (n = 15) with moderate hypercholesterolemia.
Introduction
Cardiovascular disease continues to be the leading cause of morbidity and mortality in the United States (1) . This has been the impetus for implementing new strategies to reduce the public health burden of cardiovascular disease. In 2010, the AHA issued the following Impact Goals: ''By 2020, to improve the cardiovascular health of all Americans by 20% while reducing deaths from cardiovascular diseases and stroke by 20%'' (2) . The AHA recommends including $4 servings/wk of nuts, legumes, and seeds (2) . Similarly, the 2010 Dietary Guidelines for Americans recommend a healthy eating pattern focused on nutrient-dense foods and advise a variety of protein foods, including nuts and seeds (3) . These recommendations were established from a robust evidence base for nuts that has rapidly evolved over the last decade (4) (5) (6) .
The putative health benefits of walnuts, including a cardioprotective effect, may be mediated by their constituent polyphenols, g-tocopherol, a-linolenic acid (ALA) 9 , linoleic acid, and L-arginine (7, 8) . Chronic and acute consumption of walnuts (42.5-85 g/d) lowers total cholesterol (TC) and LDL cholesterol concentrations (9, 10) , decreases blood pressure (11) , improves endothelial function (12, 13) , may have beneficial effects on measures of oxidative stress (14) , and reduces some inflammatory markers (12, (15) (16) (17) . However, the contribution of different walnut components, i.e., skin, oil, and defatted nutmeat, to these biological effects has, to our knowledge, never been explored. Thus, the current study evaluated how whole walnuts and walnut components affect postprandial lipid/ lipoprotein responses, endothelial function, and oxidative stress. In addition, we evaluated the effects of postprandial intake of whole walnuts, the most common form in which walnuts are consumed, on ex vivo cholesterol efflux.
Participants and Methods

Study population
Men and women (n = 15, 9 women and 6 men) aged 21-60 y who were free of any serious illness and did not use tobacco products were recruited for the study. Other inclusion criteria were BMI 25-39 kg/m 2 , LDL cholesterol $110 mg/dL (<95th percentile for age and gender based on NHANES data), and TG <350 mg/dL. Exclusion criteria included: alcohol consumption $21 or $28 servings/wk (female and male participants, respectively), intake of vitamin or mineral supplements within the past 3 wk, use of prescription cholesterol or blood pressurelowering medications, intake of lipid-lowering supplements, use of antiinflammatory medications on a regular basis or an acute intake within 1 wk of a test day, vegetarian diet, weight gain/loss of $ 10% within the previous 6 mo, and/or pregnant or wishing to become pregnant 3 mo before or during the study. A complete blood count and standard chemistry panel were obtained at screening to rule out the presence of illness. Blood pressure was measured according to Joint National Committee 7 Guidelines (18).
Recruitment and ethical aspects
Participants were recruited through advertisements in the local newspaper and university e-mails; 246 individuals expressed interest in the study (Supplemental Fig. 1 ). Of those who were contacted and screened with the use of a semi-structured telephone interview, 50 qualified and were scheduled for clinic screening at the Penn State General Clinical Research Center. After written informed consent was obtained, a fasting blood sample was drawn for a complete blood count and general health profile (lipid panel, glucose, and liver and kidney function). Eligible participants were phoned and 2 visits were scheduled: first, to meet with a study dietitian at the study site (n = 18) or over the phone if they could not meet in person (n = 2) and second, for their first postprandial test visit. Twenty participants were randomized to the study; however, one participant withdrew at the first visit because of a vagal response following the first blood draw; one participant was excluded prior to their second visit due to noncompliance with the antioxidant and fasting requirements; and 3 participants each withdrew prior to their second visit due to nausea following the walnut meal, inability to consume the low antioxidant diet, and work commitments. The study protocol was approved by the Institutional Review Board of the Pennsylvania State University.
Design and intervention
A randomized, controlled, postprandial, 4-period crossover study with at least 1 wk separation between testing sessions was conducted. Each visit evaluated the oral ingestion of one treatment: 1) 85 g (3 oz) ground, whole walnuts; 2) 34 g ground, skinless, defatted nutmeat from walnuts; 3) 51 g oil from skinless walnuts; or 4) 5.6 g ground walnut skins.
The walnuts were unroasted English walnuts (Juglans regia) from a single lot and frozen upon delivery. Shelled whole walnuts were weighed to 85 g, blanched in hot water for 1 min, and then submerged in ice-cold water for 30 s. Trained research staff removed the skins with a large toothpick or knife. This procedure was repeated 5 times and the average weight of dry walnut skins was calculated using a balance accurate to 0.01 g. The research team carried out the walnut shelling, weighing, blanching, and skinning until sufficient skins had been obtained. The walnut skins were frozen until the day before use. The skinless walnuts were refrozen until they were fractionated into oil and defatted nutmeat. Frozen, skinless walnuts were thawed, ground with a mortar and pestle, and weighed to 85 g. Oil in the ground walnuts was then extracted with high purity n-hexane using a semicontinuous Soxhlet glass apparatus. For the defatted nutmeat, the residual hexane was extracted in nhexane-free hexadecane and measured directly from the extracted oil. The samples were injected by static headspace techniques with the use of an internal standard. The residual hexane was <2 ppm, quantified using GC-MS. Following the extraction procedure, the defatted nutmeat and oil were refrozen until the day before use.
To facilitate consumption of the whole walnuts and the different walnut components, diet Jell-O was chosen to act as an inert food carrier. One-half cup of diet Jell-O (per 92-g serving: 7 kcal, 0 g fat, 1.3 g protein, 0 g sugar) was prepared according to packet instructions, portioned into an individual glass bowl, and combined with the thawed walnut component. The walnut-Jell-O meal was refrigerated and given to the participant for consumption following fasting measurements. The energy and macronutrient composition of each component are presented in Table 1 .
Prior to starting the study and during each testing visit, a dietitian advised each participant on how to consume and incorporate lowantioxidant foods into their diet for 3 d prior to each test visit. The purpose of the low-antioxidant diet was to maximize the potential for observing effects with the high-antioxidant food (i.e., walnuts and walnut components). Participants were asked to keep a dietary record for the 3 low-antioxidant days and instructions on completing these records were explained. They also were asked to consume similar lowantioxidant foods for the 3 d before each of the 4 visits.
On the test morning, participants arrived at the General Clinical Research Center after a 12-h overnight fast and trained research staff measured their height and weight, obtained a 30-mL fasting blood sample, and conducted the endothelial function test. Participants then had 15 min to consume 1 of the 4 walnut-Jell-O test meals under study personnel supervision. Blood samples (;30 mL) were subsequently taken at 30, 60, 120, 240, and 360 min following the meal and the endothelial function test was done immediately prior to the 240-min blood draw. Maximal changes in endothelial function and TG occur 3-4 h after a high-fat meal (19) . For the 6-h postprandial time period, participants rested in an on-site room and were allowed to drink noncaloric, decaffeinated beverages (i.e., water and diet soda). Blood was centrifuged at 4°C for 15 min and aliquots of serum and plasma were stored in a 280°C freezer until further analyses.
Assay methods
Lipid profile. TC and TG were determined by standard colorimetric and enzymatic procedures with commercially available kits (cholesterol and TG kits, Alfa Wassermann). HDL cholesterol was quantified according to the modified heparin-manganese precipitation procedure of Warnick and Albers (20) . LDL cholesterol was determined using the Friedewald equation: 
LDL cholesterol ¼ TC-HDL cholesterol À ðTG=5Þ
All samples from each participant were analyzed in the same batch. These assays were conducted at the General Clinical Research Center Core Laboratory at Hershey Medical Center.
Total thiols. Total thiols in plasma were determined according to the spectrometric method of Hu (21) . Briefly, an aliquot of EDTA plasma was mixed with Tris-EDTA buffer, followed by addition of 10 mmol/L 2,2-dithiobisnitrobenzoic acid and methanol. After incubation at room temperature for 15 min and centrifugation, the absorbance of the supernatant was measured at 412 nm (Shimadzu UV-1800 spectrophotometer). Plasma total thiols are expressed as mmol/L.
Ferric reducing antioxidant potential. The ferric reducing antioxidant potential (FRAP) assay was used to determine the reducing ability of plasma in a redox-linked colorimetric reaction using the method of Benzie and Strain (22) with slight modifications. Briefly, plasma was incubated with the FRAP reagent at room temperature for 1 h and the absorbance at 593 nm was then recorded (Shimadzu UV-1800 spectrophotometer). Trolox was used as a reference to construct a standard curve to calculate the FRAP value of the samples (23). The FRAP assay was used to measure total antioxidant capacity, because it is responsive to lipophilic (tocopherols) and hydrophilic antioxidants (polyphenols), both of which are present in walnuts. FRAP is expressed as mmol/L Trolox equivalents.
Plasma malondialdehyde. Plasma malondialdehyde (MDA) was measured by an Agilent 1100 HPLC system with fluorometric detection according to Behrens and Madère (24) with some modifications. Briefly, 0.1 mL plasma was saponified with 5.5 mL of 10 N NaOH at 60°C for 30 min, followed by the addition of 600 mL of 7.2% trichloroacetic acid. The resulting mixture (400 mL) was then incubated with 0.2 mL of 0.6% thiobarbituric acid in sodium acetate buffer (pH 3.5) and 20 mL of 0.031 mol/L FeCl 3 at 95°C for 1 h to generate MDA-thiobarbituric acid conjugate. The MDA conjugate was eluted on a Varian Microsorb 100-5 C18 column (150 3 4.6 mm, 5 um, Agilent Technologies) with a mobile phase of 65% sodium phosphate buffer and 35% methanol at a 0.8-mL/ min flow rate and monitored at 515/553 nm excitation/emission. The MDA concentration was calculated based on a standard curve constructed using an authentic standard, 1,1,3,3-tetraethoxypropane. MDA is expressed as mmol/L.
Vascular function. Endothelial function [RHI, Framingham RHI (fRHI), augmentation index (AI), AI normalized to a heart rate of 75 beats/min (AI_75)] was measured using pulse amplitude tonometry (PAT) (Itamar Medical) as previously described (25) . Heart rate was measured by the PAT device as beats/min.
Cholesterol efflux. Cholesterol efflux was assayed using J774 macrophages as previously described (26) . ApoB-depleted serum was prepared using the method previously described (27) .
Statistical analyses
Statistical analyses were performed using SAS (version 9.2; SAS Institute). The mixed models procedure (PROC MIXED) was used to test the effects of treatment, time point, visit, and their interactions (i.e., treatment 3 time point and treatment 3 visit) on changes in metabolic and antioxidant outcomes following the test meal. For metabolic endpoints (e.g., TG), outcomes were modeled as doubly repeated measures with unstructured by compound symmetry for time point and visit, respectively. For antioxidant endpoints (e.g., FRAP), we imposed a compound symmetry structure by designating participant as random effect. PROC MIXED also was used to test the effects of treatment, visit, and their interaction on changes in endothelial function and heart rate outcomes following the test meal. For these endpoints, we imposed a compound symmetry structure by designating participant as random effect. Baseline values were included as covariates. No carryover effects were observed. For the whole walnut only analysis, PROC MIXED was
For all outcomes, model selection was based on optimizing fit statistics (evaluated as lowest Bayesian information criterion) and a was set at 0.05 for all tests. Post hoc analyses were adjusted for multiple comparisons. Unadjusted P values were multiplied by the number of respective comparisons to accommodate an overall a < 0.05 (i.e., Bonferroni adjustment) and these adjusted P values are reported in the text. Change scores were calculated by subtracting pre-meal baseline values (0 min) from each time point. AUC values were calculated with the trapezoidal rule, using the respective fasting baseline value as the line of reference (28) . Means are reported as least squares means 6 SEMs.
Correlational analysis (PROC CORR) also was performed in SAS to measure the association between time-matched variables by treatment group. A sample size of 15 was determined based on earlier studies (29, 30) , which detected significant changes in measures of oxidative stress with a set to 0.05 and power set to 0.80. Participants were randomized to 1 of 24 possible treatment sequences, with no participants receiving an identical sequence.
Results
Participant characteristics. The screening and treatment baseline characteristics of study participants are presented in Tables 2 and 3, respectively. Treatments did not differ at baseline (Table 3) . Nine participants reported having loose stools/ diarrhea between 1 and 9 h following the walnut oil treatment; however, they all remained in the study.
Postprandial lipid metabolism. A mixed linear model demonstrated a treatment 3 time point interaction (P < 0.01) for TG. Peak TG responses for the oil and whole nut treatments were observed at 120 and 240 min postmeal (Fig. 1) . At these time points, change in TG was greater following the oil (P < 0.01) and whole nut (P # 0.03) treatments than the skin treatment. In addition, at 120 min, the TG response to the oil treatment was greater than that to nutmeat (P = 0.02). The significant treatment 3 time point interaction resulted in an 89% reduction in postprandial TG AUC for the skins relative to both the oil and whole nut treatments (P < 0.01). There were no treatment 3 time point interactions or treatment effects for TC, LDL-C, or HDL-C. Oxidative stress. The postmeal FRAP response differed by treatment (P < 0.01) (Supplemental Fig. 2 ). The nutmeat treatment tended to lower mean FRAP from baseline (P = 0.054) such that nutmeat differed from the oil and skin treatments (P < 0.01). Treatment 3 time interactions and treatment effects were not significant for plasma total thiols or MDA.
Endothelial function. There were treatment effects for RHI and fRHI (P = 0.01 for both) ( Table 4 ). The skin treatment reduced RHI compared with baseline (P = 0.02) such that the oil and skin treatments differed (P = 0.01). For fRHI, there were no changes from baseline; however, the oil treatment differed from the skin and whole nut treatments (P = 0.02 for both). There were no treatment effects for AI or AI_75 (Table 4) .
Heart rate. Heart rate differed across treatments (P < 0.01). The postprandial heart rate was greater with the oil (63.1 6 1.4 beats/min; P = 0.01) and whole nut (62.6 6 1.4 beats/min; P = 0.02) treatments compared with the skin treatment (58.9 6 1.4 beats/min). The oil and whole nut treatments also increased heart rate from baseline (P < 0.05 for both).
Whole walnut ex vivo cholesterol efflux. Cholesterol efflux increased by 3.3% in cells cultured with postprandial serum relative to fasting baseline (P = 0.02) (Fig. 2) . Cholesterol efflux was positively correlated with plasma TC (r = 0.78), LDL cholesterol (r = 0.70), and HDL cholesterol (r = 0.43) concentrations (P # 0.02 for all). In cells cultured with apoB-depleted serum, there were no significant changes in cholesterol efflux.
Discussion
The present study is the first to our knowledge to evaluate the cardioprotective mechanisms of individual walnut components (i.e., skin, defatted nutmeat, and oil) compared with whole walnuts. Herein, we report significant effects for some of these walnut components on TG, heart rate, endothelial function (RHI and fRHI), and FRAP. Importantly, we also observed that whole walnuts enhanced ex vivo cholesterol efflux, a measure of reverse cholesterol transport. Acute consumption of walnut oil preserved endothelial function compared with whole walnuts and walnut skins. Walnuts are a rich source of ALA (;13% of total lipids) and g-tocopherol (20 mg/100 g) and contain phytosterols (164 mg/ 100 g), which may explain the positive effects of the walnut oil treatment (8) . This is consistent with the findings of West et al. (11) that a chronic diet high in ALA (6.5% of kcal provided by 37 g walnuts, 15 g walnut oil, and 19 g flaxseed oil) increased flow-mediated dilation (FMD) compared with the average American diet in hypercholesterolemic participants. In the current study, the effect of walnut oil on endothelial function may be due in part to ALA and/or its greater bioavailability (in a postprandial model) than the whole walnut. Support for this is suggested by the subtle differences in the TG response curve; walnut oil elicited a more rapid increase than did whole walnuts. Furthermore, postprandial endothelial function is impaired after consumption of a high-fat meal (31); thus, greater bioavailability of nutrients in the oil portion (i.e., ALA and g-tocopherol) may have blunted this response and contributed to the differential effects observed between whole walnuts and walnut oil (32) . Moreover, in an almond study conducted by Ellis et al. (33) , the bioaccessibility of almond fat was hampered by cell wall integrity such that mechanical manipulation and chewing did not enable complete release of intracellular lipids for enzymatic digestion and absorption. Further studies are warranted to examine the potential for the difference in bioavailability of ALA in a more accessible food form compared with that in a complex food matrix, such as whole walnuts. That endothelial function decreased with walnut skin consumption could be due to a lack of antioxidant absorption, perhaps because of the food matrix used for their delivery or the lack of ALA in the skins.
Another explanation for the lack of a whole walnut effect on endothelial function could reflect the participant population studied. In a study conducted by Cortés et al. (13) , acute consumption of walnuts (40 g) ingested with a high-fat meal increased FMD (24%) in hypercholesterolemic adults (TC: 250 6 25 mg/dL) compared with the same meal with olive oil (25 g) but not in adults with normal TC concentrations (TC: 185 6 27 mg/dL). In the present study, participants had TC concentrations that were comparable with the normocholesterolemic participants 1 Values are means 6 SEMs, n = 15. AI, augmentation index; AI_75, AI normalized to a heart rate of 75 beats/min; FRAP, ferric reducing antioxidant potential; fRHI, Framingham reactive hyperemia index; MDA, malondialdehyde; RHI, reactive hyperemia index; TC, total cholesterol; TE, Trolox equivalent. 2 Blood was drawn after a 12-h fast.
FIGURE 1
Change in serum concentrations of TG after consumption of each test meal in healthy overweight and obese men and women. Values are least squares means 6 SEMs, n = 15. Post hoc analyses at individual time points were conducted using the Bonferroni adjustment for multiple comparisons. *Compared with oil; y compared with whole nut, P , 0.05.
in the Cortés et al. (13) study, which may explain why we also observed no postprandial change in endothelial function after whole walnut consumption. Ros et al. (12) reported improved endothelium-dependent vasodilation in hypercholesterolemic men and women after 8 wk of a walnut diet that provided 32% of energy from walnuts compared with the control Mediterranean diet (5.9 6 3.3% vs. 3.6 6 3.3%, respectively). In this study, endothelial function was assessed after consumption of a high-fat meal enriched with either olive oil or walnuts within the context of the respective test diet.
Another explanation for our findings compared with those reported by Ros et al. (12) could reflect the acute postprandial study design we used as well as the delivery mode of the walnut components. Finally, as suggested by Moerland et al. (34) , the PAT technique may measure physiologically different outcomes than conventional methods (i.e., FMD) and may not be suitable for assessing acute changes in endothelial function (34) . Arterial stiffness, as measured by the PAT AI and AI_75, is increased in patients with chronic kidney disease and in patients with type 2 diabetes; however, it is unaffected by acute vascular injury, such as smoking and glucose overloading interventions (34) . There were no treatment effects for arterial stiffness in our study, which is consistent with the results of Din et al. (35) , who demonstrated in a randomized, single-blind, crossover study that dietary walnut supplementation (15 g/d) for 4 wk did not affect AI using pulse waveform analysis.
Our findings for biomarkers of oxidative stress are consistent with those reported by others (12) (13) (14) . In a 6-wk, free-living study, no chronic effects of walnut consumption (21 and 42 g/d) on antioxidant activity (e.g., MDA, FRAP, and total thiols) were observed (14) . Ros et al. (12) found oxidized LDL and MDA remained unchanged for both the Mediterranean diet with and without walnuts. Similarly, Cortés et al. (13) reported in vitro resistance of LDL against oxidation was unaffected by acute walnut consumption. The observed differences in plasma FRAP may be attributed to the lack of bioactive components in the nutmeat compared with the oil, skin, and whole walnut treatments. Although walnuts contain numerous phenolic and other antioxidant constituents, the null effects on antioxidant measures in our study may be attributed to a relatively small increase in their plasma concentration against an already sufficient antioxidant defense status in this moderately healthy, albeit overweight/obese, cohort.
This study is the first to our knowledge to report increased ex vivo cholesterol efflux following postprandial consumption of whole walnuts. Cholesterol efflux is an important antiatherogenic step in the reverse cholesterol transport pathway and is a novel measure of HDL functionality. Independent of HDL cholesterol and apoA-1, cholesterol efflux from macrophages is a strong predictor of both carotid intima-media thickness and coronary disease (36) . Zhang et al. (37, 38) reported that ALA and walnut oil increased in vitro cholesterol efflux from macrophage-derived foam cells. However, the treatment response was dependent on the C-reactive protein (CRP) concentration; when participants were stratified on the basis of high and low CRP concentrations, the serum of the low CRP group enhanced ex vivo cholesterol efflux by 17%, whereas the high CRP group showed no effect (37) . Based on the results reported herein, acute consumption of walnuts increased ex vivo cholesterol efflux, suggesting a novel mechanism by which walnut consumption may reduce cardiovascular risk.
A major strength of this study is its original design, which directly compares whole walnuts with individual walnut components. In addition, we demonstrated metabolic effects of some walnut constituents as measured by changes in TG and heart rate. Another strength is the postprandial study design that allowed us to characterize the metabolic time course of walnut and walnut component consumption. Finally, novel outcome measures employed in this study that had positive effects included endothelial function and ex vivo cholesterol efflux. These findings extend our understanding of how walnuts may elicit a cardioprotective effect.
A limitation of this study is the small sample size (n = 15). The results from the current study need to be verified in a larger and jn.nutrition.org more diverse population. Another limitation is the lack of a control group, e.g., a Jell-O meal without any walnuts or walnut components, which would have provided a standard of comparison. Other potential shortcomings of our study include measurement timing, oil and nutmeat extraction method, and/or nutrient bioavailability. For example, the time points we chose to draw blood and measure endpoints may not have been representative of the entire postprandial period, the oil and nutmeat extraction method may have contributed residuals and/ or adversely affected walnut bioactives, and the polyphenols in walnut skins may have been only partially absorbed because of their high fiber content. In a previous postprandial study (13) , each treatment was consumed in the context of a high-fat meal, which may have increased absorption and bioavailability of lipophilic nutrients. Finally, cholesterol efflux was quantified only in the whole walnut group as an exploratory analysis, which precluded comparison among treatments. An effect of walnuts on ex vivo cholesterol efflux was observed with whole serum but not apoB-depleted serum; in addition to HDL, LDL can serve as an acceptor of free cholesterol in the reverse cholesterol transport pathway (39) , indicating that walnuts may have a greater effect on global cholesterol efflux than HDL-specific efflux. It will be important to further evaluate cholesterol efflux in response to acute and chronic walnut consumption.
In conclusion, we showed that acute consumption of walnut oil favorably affects endothelial function compared with whole walnuts and walnut skins. We also demonstrated novel effects of whole walnuts on reverse cholesterol transport. Therefore, frequent consumption of walnuts and/or walnut oil (which typically is how walnut products are consumed) may improve cardiovascular risk via mechanisms that extend beyond their established cholesterol-lowering action.
